During development and differentiation, the expression of banscription factors is regulated in a temporal fashion. Newly expressed transcription factors must interact productively with target genes organized in chromatin. Although the mechanisms governing factor binding to chromatin templates are not well understood, it is now clear that template access can be dramatically influenced by nudeoprotein structure. We have examined the ability of a well characterized ranwactivator, the progesterone receptor (PR), to activate the mouse mammna tumor virus (MMTV) promoter organized either in stable, replicating templates that have a highly ordered nucleosome structure or as transiently transfected DNA, which adopts a less-dermed structure. (8) . In this structural configuration, nuclear factor 1 (NF1) is excluded from its target site in the proximal promoter (1, 6, 9, 10). Binding of the activated glucocorticoid receptor (GR) to the promoter induces a chromatin remodeling event associated with the second nucleosome (Nuc-B) (8, 11). In addition, histone Hi is depleted from the promoter proximal region in a hormone-dependent manner (12). We proposed previously that this chromatin transition is directly and mechanistically involved in the binding of NF1 and subsequent formation of the transcription preinitiation complex (9, 10). Similar phenomena have been observed for the murine tyrosine aminotransferase (13-15) and yeast phoS (2, 16) genes.
constitutively expressed, it gains the ability to activate both chromosomal and transiently introduced templates. These results demonstrate that newly expressed PR is not competent to activate the MMTV template in its native nucleoprotein conformation but acquires this ability upon prolonged expression in replicating cells.
In eukaryotic cells, genes are expressed from chromatin templates. Various studies have shown that nucleoprotein structure plays a role in transcriptional regulation by restricting the access of some factors to their binding sites while allowing that of others by mechanisms not yet understood (1) (2) (3) (4) (5) (6) (7) . The mouse mammary tumor virus (MMTV) promoter exists in chromatin as a phased array of six nucleosomes (8) . In this structural configuration, nuclear factor 1 (NF1) is excluded from its target site in the proximal promoter (1, 6, 9, 10) . Binding of the activated glucocorticoid receptor (GR) to the promoter induces a chromatin remodeling event associated with the second nucleosome (Nuc-B) (8, 11) . In addition, histone Hi is depleted from the promoter proximal region in a hormone-dependent manner (12) . We proposed previously that this chromatin transition is directly and mechanistically involved in the binding of NF1 and subsequent formation of the transcription preinitiation complex (9, 10) . Similar phenomena have been observed for the murine tyrosine aminotransferase (13) (14) (15) and yeast phoS (2, 16) genes.
The progesterone receptor (PR) and GR activate the MMTV promoter through the same target sequences as determined by transient transfections (17) (18) (19) (20) . During experiments designed to characterize the kinetics of steroid receptor interaction with MMTV chromatin, we observed that transiently expressed PR was apparently ineffective in acti-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with precipitation in six-well dishes with 1 ,g of pLTRluc. Luciferase activities were determined and normalized to total protein.
FACS Methods. Nontreated and R5020-treated cells were briefly treated with trypsin and neutralized with trypsin inhibitor (Calbiochem). Cells from each group were pooled and treated according to specifications in the FluoReporter lacZ kit (Molecular Probes). Briefly, cells were washed with phosphate-buffered saline (PBS) and resuspended in staining medium (PBS/4% charcoal-stripped serum/10 mm Hepes, pH 7.2). After filtration through a nylon screen, the cells were mixed with an equal vol of 2 mM fluorescein di-/3-galactopyranoside (FDG) and incubated at 37°C for 1 min. The cells were diluted immediately in 10 vol of ice-cold staining medium containing 15 ,M propidium iodide and allowed to incubate on ice for 15 min, after which the 1-Gal inhibitor phenethylthio j-D-galactopyranoside was added to a final concentration of 1 mM. Each set of cells was then sorted into two populations having low (D3-Gal-) or high (l3-Gal+) FDG fluorescence intensity in a Becton Dickinson FACStar Plus set in the three-drop enrichment sorting mode. High-purity sorting would not have allowed us to sort enough 13-Gal+ cells in a reasonable amount of time to yield enough RNA for analysis.
RNA Analysis. Total cellular RNA was isolated from cells as described (22) . The probe for S1 nuclease analysis was made by multiple rounds of Taq polymerase extension from an antisense luciferase oligonucleotide using Sst I-digested pLTRluc (23) as a template. Extension was carried out in the presence of [a-32P]dATP in a Perkin-Elmer/Cetus GeneAmp PCR system 9600 machine for 30 cycles. The antisense luciferase primer (+80 to +55 bp), 5'-CCTTTCTTTAT-GTTTTTGGCGTCTTC-3', was synthesized on an Applied Biosystems model 392 DNA/RNA synthesizer. The fulllength extension product was gel purified. After hybridization with RNA samples, S1 nuclease digestion was performed for 1 hr at room temperature. Digestion products were separated on an 8% denaturing urea gel, which was subjected to autoradiography. Primer-extension analysis was performed as described (10 (8, 21) . After introduction of the chicken PR by transient transfection, we compared the activity of the receptor on the genomic MMTV promoters and transiently cotransfected templates.
Since only 5% of the cells actually acquire transfected DNA (see Fig. 2 A and B) , a direct comparison of activity on the stable and transient templates is technically difficult. Cells that take up DNA will contain both the transient reporter template and the transiently expressed PR; in contrast, all cells in the population contain the stable template, but only the small transfected subset expresses the PR.
To more accurately compare the activity of the PR on the two templates, we devised an experimental approach to obtain a cell population enriched in cells transfected with exogenous DNA (and therefore expressing PR). FACS analysis has been used to enrich cells stably transfected with the P-Gal gene driven by various promoters (24) (25) (26) (27) (28) . We adapted this procedure for use with cells transiently transfected with a ,3-Gal expression vector (pCH110), as well as pLTRluc, containing the full-length MMTV LTR-driving luciferase, and the PR expression vector, as shown in Fig. 1 . After transfection, the cells are divided into two groups; one was left untreated, and the other was treated with R5020 (a synthetic ligand for PR) for 4 hr. After harvesting, cells from each group were incubated with a 1Gal substrate, FDG, which releases fluorescein upon cleavage. Cells that take up exogenous DNA, and therefore express ,1-Gal (P3-Gal+), were separated from the untransfected cells (,8-Gal-) by enrichment sorting in a FACS. The ,B-Gal+ populations obtained in separate sorting experiments represent at least a 10-fold enrichment in transfected cells over the unsorted cell populations, permitting a more rigorous comparison of the function ofthe transiently expressed PR on both stably replicating and transiently transfected MMTV templates.
Fluorescence profiles from a representative sorting experiment are shown in Fig. 2 . Fig. 2 A and B shows the fluorescence profiles of unsorted control and R5020-treated cell populations, respectively. Most of the cells (-95%) manifested low propidium iodide fluorescence and therefore represented viable cells. The large mass of cells of intermediate FDG fluorescence is the 13-Gal-population; the scattered population of cells at higher FDG fluorescence represents 1-Gal-expressing cells, -5% of the viable population. Fig. 2 C and D represents histograms of the control and R5020-treated 1-Gal-populations that were analyzed after sorting. These groups consist of an essentially pure population of cells having basal fluorescence intensity. In contrast, the control and R5020-treated 1-Gal+ populations ( Fig. 2 E  and F transiently transfected and the stably replicating MMTV templates (Fig. 3A) . RNA analysis from a representative experiment (Fig. 3B) shows that the transcript from the transient template is marginally detected in the control and R5020-treated (-Gal-populations (lanes 4 and 5), while it is clearly seen in the P-Gal+ populations (lanes 6 (Fig. 3C) show that the stable template is not significantly induced even with longer R5020 treatment. template, R5020 treatment (4 hr) yields only a slight 1.6-fold induction in the 3-Gal+ populations. In the same cell population, the transient template is induced an average of 5-fold by R5020. The small, R5020-induced increase in RNA from the stable templates may represent either a weak ability ofthe PR to activate the template in its nucleoprotein conformation or the existence of a small subset of MMTV chromatin templates that, like the transient template, have a structure amenable to PR-induced activation. This state might be achieved during replication when the nucleoprotein structure is reassembled. PR Function When Expressed Constitutively. It has been reported that the PR can activate transcription from integrated, replicating copies of the MMTV LTR, although the chromatin structure of the LTR in these studies was not characterized (19, 20) . We therefore determined whether the PR, when expressed constitutively, could activate the LTR in cell lines with a defined and reproducible chromatin configuration. (8, 10, 11) . Histone Hi is also depleted from the proximal promoter region during this remodeling event (12) .
Two classes of models can be advanced to explain the differential interactions of the transiently expressed PR with Lg of total cytosolic protein. stable and transient MMTV templates. The first class includes mechanisms related to processing of receptors or potential cofactors. The transiently expressed receptor may be incompletely processed with regard to posttranslational modifications required for productive chromatin interaction, or cofactors required for chromatin activation are induced by the receptor itself and thus absent in transiently transfected cells. In this line of argument, when the PR is stably integrated and expressed over many cell generations, processing steps (or the induction of cofactors) needed for effective nucleoprotein interactions are completed and the receptor is effective in chromatin activation. Alternatively, the PR may not be able to compete efficiently with the GR for common factors necessary for activation of ordered chromatin templates when expressed for a short period. Candidates for such activities would include mammalian equivalents of the SWI-1, -2, -3 factors (29, 30) , as well as modification enzymes such as protein kinases. Both possibilities imply the existence of processing events or cofactors that are uniquely required for activation of the ordered nucleoprotein template.
A second group of models would suggest that the nucleoprotein conformation of the stably replicating template is incompatible with some effect of PR action, such as secondary loading of other transcription factors specific to the PR; this would not be observed with the transient template given its generally more accessible structure (10) . In cells in which the PR is constitutively expressed, we hypothesize that the structure of stably replicating MMTV templates may be modified in such a way that the promoter is now able to respond to (31) (32) (33) . In fact, there are reports that the ER is associated with its binding site in the absence ofhormone (34, 35) . We therefore suggest that the PR may associate with its site during replication when nucleoprotein constraints are temporarily removed. In this fashion it could alter the nucleoprotein conformation ofthe stable template in such a way that the promoter is then poised to respond to progestins.
There are several known examples of genes that undergo chromatin transitions during differentiation. With our increased understanding of nucleoprotein structure, it is becoming possible to address the role that these remodeling events play in modifying transcription factor access. The system described in this report allows us the opportunity to study how a newly expressed transcription factor productively interacts with a target gene in a repressed state in chromatin. In addition, the comparison of the two MMTV templates provides insight into the role of an ordered chromatin structure in the activation process.
